Three digoxigenin-labeled oligonucleotide probes, complementary to the variable region of the 16S ribosomal RNA (rRNA) gene of Mycoplasma gallisepticum, M. synoviae, and M. iowae were designed. The oligonucleotides were used in a dot blot hybridization assay. The target DNA is a 780-bp fragment of the 16S rRNA gene of avian mycoplasmas amplified by a single set of primers (multispecies polymerase chain reaction [PCR]). The oligonucleotide probes were specific for their corresponding PCR products at hybridization conditions of 56 C and 50% formamide. The detection limit of the dot blot hybridization assay was approximately 70, 50, and 30 colony-forming units for M. gallisepticum, M. synoviae, and M. iowae, respectively, per 4 µl of PCR. In general, the oligonucleotide probe dot blotting assay was a more sensitive and effective method of detecting PCR products than detection by gel electrophoresis.
Mycoplasma gallisepticum (MG), M. synoviae (MS), and M. iowae (MI) are 3 pathogenic mycoplasmas that affect commercial poultry, causing significant economic losses to producers. MG causes chronic respiratory disease (CRD) in chickens and sinusitis in turkeys, 27 MS causes upper respiratory infections and synovitis in chickens and turkeys, 13 and MI causes a decrease in hatchability and embryo mortality in turkeys. 12 Rapid detection of infection with any of these organisms is of great importance to the poultry industry for implementing effective mycoplasma monitoring programs.
The diagnosis of these pathogenic avian mycoplasmas has typically been carried out by serologic procedures and isolation of the organism. However, the appearance of nonspecific serologic reactions, 1,2 the interspecies cross-reactivity between MG and MS, 25, 28 insensitivity of the serologic detection of MS, 22 and the time-consuming task of isolating the organism often limits the effectiveness of these procedures. Speciesspecific polymerase chain reaction (PCR) procedures are effective and rapid methods for detecting natural and experimental infections of MG, 10, 17, 19, 20 MS, 15 and MI 1l in birds A multispecies PCR-restriction fragment length polymorphism (RFLP) technique that amplifies a 780. bp fragment of the 16S ribosomal RNA (rRNA) gene of MG, MS, and MI in a single amplification step using a single set of PCR primers was developed. 7 The sensitivity of the multispecies PCR ranged from approximately 100 to 1,000 colony-forming units (CFU) per reaction. An MG-specific PCR was developed, 10 and the sensitivity of the method was improved after hybridization of the PCR product with a digoxigenin (DIG)-labeled probe. Species-specific oligonucleotide probes complementary to variable region 8 (V8) of the 16S rRNA gene have been designed for the detection and identification of MG and MS directly from broth cultures. 6 The objective of this work was to design MG-, MS-, and MI-specific oligonucleotide probes to differentiate the multispecies PCR amplification product and to increase the sensitivity of the system. Table 1 is a list of mycoplasma species and isolates used in this study. The origin of MG and MS strains has been previously described. 5, 27 All MG and MS strains were propagated in Frey's medium 14 with 12% swine serum. The MI isolates were grown in PPLO-base medium a with 10% swine serum.
Materials and methods

Mycoplasma cultures.
Sample preparation. Cell lysates from different MG, MS, and MI strains and from M. gallinarum (Table 1) were prepared from cultures incubated overnight at 37 C. A 1-ml aliquot of culture was centrifuged in a microcentrifuge for 10 min. The cell pellet was washed twice with 200 µl of 150 mM phosphate-buffered saline (PBS; pH 7.2, Na 2 PO 4 1.60 g/liter, KH 2 PO 4 0.5 g/liter, NaC17.3 g/liter) and resuspended in a final volume of 20 µl PBS. The cell suspension was heated in a dry block at 95 C for 10 min. The lysate was centrifuged at 14,000 x g for 5 min to remove debris, and the supernatant containing DNA was collected and stored at -20 C until utilized in the multispecies PCR.
Noncultivated suspensions of tracheal swabs were prepared as above except that l-ml aliquots were centrifuged for 30 min and washed once with PBS. Noncultivated suspensions of cloacal swabs were centrifuged for 5 min at 3,000 x g. The supernatant was collected and treated in a manner similar to that of the tracheal swab suspensions.
Oligonucleotide probe selection and labeling. Three oligonucleotides were selected based on sequence specificity. 8 The 16S rRNA gene sequences of MG (acc. no. M22441), MS (acc. no. X52083), and MI (acc. no. M24293) were retrieved b and aligned using the Waterman algorithm. 26 Three 40-nucleotide oligonucleotides located in V8 21 of the 16S rRNA gene of MG, MS, and MI were chosen. Each oligonucleotide possessed species-specific sequences ( Table 2) .
The oligonucleotides were synthesized d by the phosphoramidite method. Two types of labeling reactions were tested: the Y-end labeling with DIG-NHS ester e that utilized an MS, and MI by PCR 57 aminolink modified oligonucleotide d and the 3' tailing reaction with DIG-11-dUTP nucleotide. e Both labeling reactions were conducted following the manufacturer's instructions. To estimate the percentage of Y-end DIG-and 3' tailing DIG-labeled oligonucleotides, a DIG-ddUTP-labeled control oligonucleotide (2.5 pmoles/µl) was used in a direct detection assay following the manufacturer's instructions.
Multispecies PCR reaction. Primers and conditions utilized in the multispecies PCR reaction have been previously described.'
Sensitivity and specificity of dot blot hybridization assay.
To determine the specificity of the MG483/40, MS482/40, and MI486/40 probes, PCR products from MG, MS, and MI strains were diluted 1:10 in sterile distilled water and tested in a dot blot hybridization assay with each oligonucleotide probe. To test the detection limit of the dot blot hybridization assay versus detection of the PCR product by gel electrophoresis, cultures of MG (R), MS (K1968), and MI (I-695) were titrated as previously described. 23 Five 10-fold serial dilutions were performed for each culture in Frey's medium. One-milliliter aliquots from each dilution were collected for DNA extraction. Mycoplasma cells were lysed in 20 µl of PBS, of which 1 µl was utilized for the PCR reaction. Four microliters of each PCR product was utilized in the dot blot hybridization assay and 8 µl of PCR product was electrophoresed on 1% agarose gel containing ethidium bromide (0.5 µl/ml) for 45 min.
Dot blot hybridization assay. The hybridization procedure was performed utilizing the reagents and instructions provided. e Four-microliters of the amplification product was spotted in a positively charged nylon membrane. e Template DNA was denatured by placing the membrane over a 0.5 N NaOH-saturated filter paper for 15 min. The DNA was then fixed by baking the membrane at 100 C for 30 min in a vacuum oven. The membrane was prehybridized for 2 hr at room temperature or overnight at 10 C with a prehybridization solution containing 50% (v/v) 5 x Standard Saline Citrate (SSC) buffer, 1% (w/v) blocking reagent, e 0.1% (w/v) N-lauroylsarcosine, 0.02% (w/v) sodium dodecyl sulfate (SDS), and 50% (v/v) formamide. The hybridization solution contained 10 pmoles of the MG483/40, MS482/40, or MI486/ 40 DIG-labeled probe per milliliter of prehybridization solution, 5 µg/ml of poly (dA), e and 0.1 mg/ml of poly A. e The hybridization solutions were stored at -20 C and thawed at 68 C for 10 min when reused. Hybridizations were performed for 2 hr at temperatures of 42, 48, 50, and 56 C. Washes were performed at the corresponding hybridization temperature in a 2 x SSC-0.1% (w/v) SDS solution and in a 0.5 x SSC-0.1% (w/v) SDS solution following the manufacturer's instructions. After washes, the membrane was incubated in by chromogenic reaction with 70% (v/v) nitroblue tetrazolium e and 5-bromo-4-chloro-3-indolyl phosphate in dimethylformamide. e Clinical samples. To test the ability of the MG483/40 and MS482/40 probes to detect MG and MS on clinical samples, tracheal swabs from 3 field cases of mycoplasma infection (A, B, C) were tested with the MG483/40 and MS482/40 probes after PCR amplification. Tracheal swabs were streaked onto Frey's agar. After streaking, the tracheal swabs were resuspended in 3 ml of Frey's broth. A 1-ml aliquot of the noncultivated suspension was taken for preparation of cell extracts for the PCR-dot blot hybridization assay, and 1 ml was utilized to perform the MG DNA probe test f and the MS DNA probe test. f These tests were performed according to the manufacturer's indications. After incubation for 2 wk at 37 C, isolated colonies were identified by direct immunofluorescence.
Turkeys experimentally infected with MI. To test the ability of the MI486/40 oligonucleotide probe to detect MI, tracheal and cloacal samples of experimentally infected turkeys were tested with the MI486/40 probe after PCR amplification. One hundred fifty MI-free turkeys were obtained from a local producer. Birds were randomly divided into 3 groups: infected, media control, and negative control. Fifty birds from each group were housed in Horsfall units for the first 3 wk of the study. All groups were transferred to floor pens for the remaining 4 wk. At 2 days of age, 0.3 ml of an actively growing Frey's medium culture (6.8 x 10 9 CFU/ml) of MI isolate M4/77/5T was injected into the lung 9 of the birds in the infected group. Media controls received uninoculated Frey's medium. During the first 2 wk, a total of 10 birds from the infected group and 4 birds from each control group were euthanized, and cultures were taken from the lungs, air sacs, duodenal loop, cloaca, and trachea. Birds from the infected group were not euthanized during the third week because of the high mortality. During weeks 4, 5, and 7, trachea and cloacal samples were taken from all living birds in the infected group and from 20 birds in each control group. Tissue swabs were streaked onto M-Ort 3 agar with extra antibiotics (1 g/liter ampicillin) and incubated at 37 C for a minimum of 28 days. After streaking the tracheal and cloacal swabs onto M-Ort, the swabs were resuspended in 3 ml of PPLO broth with 10% swine serum. Prior to incubation, 1-ml aliquots of the suspension were taken for preparation of cell extracts for PCR and dot blot hybridization assay with MI486/ 40 probe. Isolated colonies were identified using immunofluorescence.
Results
Dot blot hybridization assay specificity. The estimated percentages of oligonucleotide probe DIG labeled by the 5'-end DIG-NHS ester and the 3' tailing DIG-11-dUTP reactions were 30% and 50%, respectively. Because the 3' tailing DIG-11-dUTP reaction gave a better yield of labeled probe, it was the labeling reaction of choice. Lysates from MG, MS, and MI strains shown in Table 1 were amplified by the multispecies PCR primers and hybridized with the MG483/ 40, MS482/40, and MI486/40 probes. Because of the high guanine-cytosine (GC) content of the 3 probes (Table 2) , the calculated melting temperature 24 ranged from 107 to 115 C. To decrease the hybridization temperature, 50% (v/v) formamide was used in the prehybridization and hybridization solutions. Cross-reactivity between the MG, MS, and MI probes and their heterologous PCR products was observed at hybridization temperatures of 42, 48, and 50 C (data not shown). However, cross-reactivity was eliminated when the hybridization temperature was raised to 56 C (Figs.  1-4) .
Dot blot hybridization assay sensitivity. The sensitivity of the dot blot hybridization assay was determined for each of the probes. Figure 1 shows the results of the titration for MG (R), starting with a culture containing 7.1 x 10 8 CFU/ml; the detection limits by gel electrophoresis and with the MG483/40 probe were the 10-6 ( Fig. 1A) and 10-7 (Fig. 1B) dilutions, respectively. Figure 2 shows the results of the titration for MS (K1968), starting with a culture containing 5.2 x 10 8 CFU/ml; the detection limits by gel electrophoresis and with the MS482/40 probe were the 10 -6 ( Fig.  2A ) and 10 -7 ( Fig. 2B) dilutions, respectively. Figure  3 shows the results of the MI (I-695) titration, starting with a culture containing 3.2 x 10 8 CFU/ml; the detection limits by gel electrophoresis and with the MI486/40 probe were the l0 -6 ( Fig. 3A) and 10 -7 (Fig.  3A) dilutions, respectively. The sensitivities of the chemiluminescent and chromogenic detection reactions were similar. However, to obtain the highest sensitivity with the calorimetric reaction, an overnight incubation was needed, whereas the chemiluminescent reaction only took 1 hour.
Detection of MG and MS in clinical samples by PCR dot blot, IDEXX PCR, and isolation. Data obtained for the 3 field cases is summarized in Table 3 .
In case 4, 24 tracheal samples from 50 6-week-old broiler breeders showing positive MG reactions in the plate agglutination test were obtained. Eight samples gave a positive reaction with the MG483/40 probe (Fig. 4A) , and none gave positive reactions with the MS482/40 probe (Fig. 4B) . With the IDEXX kits, 11 samples gave positive reactions with the MG probe and none gave positive reactions with the MS probe. MG was isolated from 8 samples corresponding to the 8 samples that hybridized with the MG483/40 probe.
In case B, 50 tracheal swabs from broiler breeders of unknown age showing positive MG and MS reactions in the serum plate agglutination assay were obtained. Thirty samples gave positive reactions with the MS482/40 probe (Fig. 5A) , and none gave positive reactions with the MG4833/40 probe (Fig. 5B) . With the IDEXX kits, 30 samples gave positive reactions with the MS probe and none gave positive reactions with the MG probe ( Table 3) . Only M. gallinaceum and M. gullinarum were isolated from these samples. 
Discussion
The value of the multispecies PCR-RFLP assay 7 lies in the economy of time and money for the examination of samples in which the detection of any 1 of the 3 target mycoplasmas has diagnostic significance.
However, to be used as a routine procedure, the detection of the PCR amplification products. needed to be simplified to facilitate the handling of a large number of samples. An alternative approach is to detect the PCR amplification products with species-specific DIG-labeled oligonucleotide probes in a dot blotting assay. Utilizing the-dot blot assay, 124 tracheal swabs were analyzed for MG and MS and 235 tracheal and 235 cloacal swabs were analyzed for MI in a short period of time.
As previously observed for M. pneumoniae, 18 M. gallisepticum, 10,17 and M. synoviae, 17 the detection of the multispecies PCR amplification product with an internal complementary oligonucleotide probe improves the sensitivity of the assay. The sensitivity of the multispecies PCR for the detection of MG, MS, and MI by gel electrophoresis was estimated as 710, 520, and 320 CFU/8 µl of PCR, respectively (Figs. 1A,  2A, 3A) . When the multispecies PCR amplification products were detected by 3'-tailed DIG-11-dUTP/ dATP-labeled oligonucleotide probes, the detection of MG, MS, and MI was estimated as 71, 52, and 32 CFU/4 µl of PCR, respectively (Figs. lB, 2B, 3B) , i.e., a lo-fold increase in sensitivity was observed.
Results obtained from clinical samples of suspected MG-and MS-infected flocks showed that the dot blot assay results for MG and MS were in agreement with the MG and MS DNA probe kit results (Table 3) . Both PCR systems detected either MG or MS. However, the MG DNA Probe appears to be more sensitive than the MG483/40 oligonucleotide probe (Table 3) . A study to compare the sensitivities of these PCR assays is currently been conducted.
Isolation of MG by standard culture techniques cor-relates with MG483/40 dot blot assay results (case A, Table 3 ). In addition, isolated nonpathogenic mycoplasmas, M. gallinarum and M. gallinaceum, did not interfere with the PCR reaction. However, these nonpathogenic mycoplasmas did interfere with the isolation of MS and MG in cases B and C, respectively (Table 3) .
1.
2.
The PCR-dot blot assay for the detection of MI is faster and often more sensitive than standard MI isolations methods, with the exception of 1 cloacal and 6 tracheal samples from which MI was isolated but not detected by PCR. Recent experiments had shown that the detection of MI in allantoic fluid by multispecies PCR was improved when DNA was extracted with a Tween-20/Proteinase K solution at 60 C (Garcia, M. unpublished data) . This procedure has been utilized in the diagnosis of M. pneumoniae from sputum samples 16 This extraction procedure needs to be tested with tracheal and cloacal samples from turkeys experimentally infected with MI. Furthermore, 4 mild MIpositive reactions were observed in samples obtained from control groups. Because of the failure to isolate any mycoplasma from the control groups during the trial period, these reactions were attributed to possible cross-contamination during the preparation of cell lysates with either organisms or free DNA originated in the laboratory.
3.
4.
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8.
The PCR-dot blot hybridization assay described here combines the advantage of a simple and rapid method to differentiate the multispecies PCR amplification products with the use of oligonucleotides that can be easily synthesized and labeled on a large scale. Although culture is a sensitive method to determine an MG, MS, or MI infection, PCR-dot blot assay was not inhibited by the presence of nonpathogenic mycoplasmas, and its rapid turnaround time makes this assay a powerful diagnostic tool for the detection of MG, MS, and MI. Further evaluation of the assay sensitivity will define its role in the monitoring of poultry pathogenic mycoplasmas.
